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Abstract: To maintain railway facilities in an appropriate state, systematic management based on mid-
and long-term maintenance plans through future performance prediction must be carried out. To this
end, it is necessary to establish and utilize a model that can predict mid- to long-term performance
changes of railway facilities by predicting performance changes of individual sub-facilities. However,
predicting changes in the performance of all sub-facilities can be difficult as it requires large volumes
of data, and railway facilities are a collection of numerous sub-facilities. Therefore, in this study, a
framework for a model that can predict mid- to long-term performance changes of railway facilities
through analysis of continuously accumulated performance evaluation results is proposed. The model
is a system with a series of flows that can classify performance evaluation results by individual sub-
facilities, predict performance changes by each sub-facility using statistical methods, and predict mid-
to long-term performance changes of the facility. The developed framework was applied to 36,537 sub-
facilities comprising 12 lines of two urban railways in South Korea to illustrate the model and verify
its applicability and effectiveness. This study contributes in terms of its methodology in establishing
a framework for predicting mid- to long-term performance changes, providing the basis for the
development of an automated model able to continuously predict performance changes of individual
sub-facilities. In practical terms, it is expected that railway facility managers who allow trade-off
between reliability and usability can contribute to establishing the mid- to long-term maintenance
plans by utilizing the model proposed in this study, instead of subjectively building them.

Keywords: performance change; performance evaluation; urban railway; mid- to long-term;
prediction model

1. Introduction

Preventive and regular maintenance of a facility is important for it to be maintained
in a state in which it can achieve its required functions [1,2]. To this end, systematic
management based on mid- to long-term maintenance plans through future performance
prediction of target facilities must be carried out [3]. In particular, systematic management
is essential for railway facilities as they have a large number of daily uses, many closely
related to safety [4]. However, predicting changes in the performance of each sub-facilities
requires large volumes of data, and railway facilities are a collection of numerous sub-
facilities, making it difficult to predict changes in all of their performances.

Meanwhile, in South Korea, regular performance evaluation of every railway facilities is
conducted, the results being reported to the government based on the ‘Railway Construction
and Railway Facility Maintenance Act’ [5]. The performance evaluation results include
basic information on individual sub-facilities (such as, time of completion, and durability),
maintenance history (such as, maintenance classification, and time point), and performance
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evaluation scores. Therefore, reorganization based on a facility breakdown structure (FBS) can
accumulate performance evaluation cases for each facility’s elapsed years, and a model can be
derived that can predict changes in the performance index of individual sub-facilities through
regression analysis. Furthermore, it is possible to construct a model that can predict changes
in the overall mid- to long-term performance of target railway facilities using this approach.

To this end, this study aims to develop a framework for a model that can predict mid- to
long-term performance changes of facilities through the analysis of continuously accumulated
performance evaluation results. This paper proceeds in three stages: first, a literature review
performed at the beginning of the study is discussed; second, the model development process
is expanded upon based on setting up FBSs and its codes, developing a regression analysis
model to estimate performance changes of individual sub-facilities; and third, developing a
mid- to long-term performance change prediction model of railway facilities. The proposed
model is illustrated using 39,834 cases from 36,537 sub-facilities of two urban railway facilities
in South Korea, thereby verifying its applicability and effectiveness.

2. Literature Review
2.1. Performance Evaluation and Prediction

Facility managers must establish appropriate standards for using limited resources.
Furthermore, assessing and tracking the performance of a facility for future decision
making is one of the most critical tasks regarding facility management [6]. Performance
evaluation is imperative for comparing and establishing strategies for improvement [7,8]
and is a gateway to calibrating the value of a built facility [9]. Facility performance means
evaluating its efficiency and effectiveness in providing the desired services for policy-
makers, utility managers, and regulators [3,6]. Performance evaluation allows people to
understand the impact of facility managers” decisions on its success and failure, helping
people make better decisions. The process of performance assessment appraises the services
of a facility to attain organizational goals and is crucial to establishing management strate-
gies [3,10]. Decision-making related to extensions, acquisitions, and strategic change relies
on inspecting the performance of a facility [3,11]. To this end, many studies have attempted
to develop performance assessment methodologies for various facilities [12-16]. Although
these studies have contributed to improving performance assessment, they tended to
focus on methods to understand the current state of facilities, there being insufficient
consideration for predicting the future state of facilities using past data.

In recent years, several researchers have conducted studies to predict the condition of
facilities. Bu et al. [17] proposed an approach integrating four categories of deterioration
for predicting long-term performance of bridges. Wellalage et al. [18] applied a Metropolis—
Hasting algorithm-based Markov chain Monte Carlo simulation technique to calibrate the
state-based Markov deterioration model of railway bridge components. Sharma et al. [19]
developed a model to optimize track geometry of railway based on data. Barua et al. [20]
identified the deterioration of airport runway and taxiway pavement using a gradient
boosting machine. These studies are valuable to predict performance of facilities; however,
they were focused on facilities with simple configuration elements, and predictions for
various configurations such as entire railway facilities have not been conducted.

The limitations of previous studies denote a need for a new approach to predict perfor-
mance of complex facilities such as a railway and therefore serve as a basis for this study.

2.2. Performance Evaluation of Railway Facilities in South Korea

In the case of South Korea, the deterioration of railway facilities—a representative
social overhead capital—is becoming serious. Railway bridges and tunnels that were
completed more than 30 years ago account for 38.6%, and 50 years ago account for 24.2% of
the total. Moreover, 37.4% of electrical and communication exceed their durability periods,
indicating serious potential deterioration [5]. Accordingly, the ‘Railway Construction and
Railway Facility Maintenance Act” was enacted to determine necessary matters for railway
facility safety—such as, systematic maintenance, securing operability, strengthening station
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management, and life cycle management. To strengthen the safety of railway facilities, this
act requires the establishment of a ‘Basic Plan for Maintenance of Railway Facilities” every
five years, and a performance evaluation is required as a basic function.

The ‘Special Act on the Safety and Maintenance of Facilities” defines performance
evaluation to be ‘a comprehensive evaluation of performance—such as, the structural safety,
durability, and usability—of facilities required to maintain their function. Moreover, the
‘Guidelines on Regular Inspection and Performance Evaluation of Railway Facilities’, which
stipulates the matters necessary for the implementation and procedure of performance
evaluation of railway facilities, defines the concept of performance for each evaluation
section. According to the guidelines, safety means “performance to prevent casualties,
damage, and loss of facilities under the requirements of railway facilities’, durability means
‘performance of facilities to maintain the functions required during the life span of railway
facilities’, and usability means ‘performance to provide appropriate convenience and
functionality in terms of use and demand’.

3. Methodology: Framework of the Model

This section elaborates on the development of the proposed performance change
prediction model. Figure 1 shows the conceptional framework of the model. This model is
a system with a series of flows designed to classify the performance evaluation results by
individual sub-facilities, predict performance changes by facility using statistical methods,
and predict the mid- to long-term performance changes of all facilities. This section de-
scribes (1) the establishment of the FBS code setting criteria for the analysis of performance
evaluation results, (2) the establishment of a performance change prediction model for
individual sub-facilities, and (3) the proposal of a mid- to long-term performance change
prediction model for railway facilities.
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Figure 1. Conceptional framework of performance change prediction model.
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3.1. Facility Breakdown Structure (FBS) and Its Codes

To effectively collect and analyze cases, it is important to apply an appropriate break-
down structure [21,22]. A breakdown structure is a logical and hierarchical code containing
information such as the area, location, and activity, and project tasks can be identified
using the breakdown structure in modern construction project management [23]. Conse-
quently, in this study, the FBS was established according to the facility classification and
code presented in the ‘Guidelines on Regular Inspection and Performance Evaluation of
Railway Facilities” based on the ‘Railway Construction and Railway Facility Maintenance
Act’; the results of the performance evaluation of railway facilities being applied to the
analysis. The FBS proposed in this study consists of 6 x Level 1,26 x Level 2,61 x Level 3,
and 89 x Level 4 categories. Structures, orbital facilities, and buildings are classified into
Level 3, and train power, signal control, and communication are classified into Level 4.
Table 1 shows the FBS for structures, orbital facilities, and buildings. The rest of the FBS for
train power, signal control, and communication are omitted because of the page limitations.

Table 1. The FBS for structures, orbital facilities, and buildings.

Level 1 Level 2 Level 3
Al  Bridge A1l  Type 1 bridge
A2 Tunnel A21  Type 1 tunnel
A Structures A3 Retaining wall A31  Type 2 retaining wall
A7  Platform A74  Platform safety door
B11  Concrete track
Bl  Track B12  Ballasted track
B13  Runway
B21 Rail
B Orbital facilities B2 Rail B22  Guide rail
B31 Rail-type
B3  Turnout B32 L—shg:,)}e) d
. B41  Wooden crosstie
B4 Crosstie B42  Concrete crosstie
Cl11  Station building
C12  Machinery and auxiliary equipment
Cl  Station C13  Firefighting equipment
o Cl14  Air conditioning, heating, and ventilation equipment
C  Buildings C15 Elevator facilities
C21  Buildings except for the station
C2  Buildings except for the station =~ C22  Machinery and auxiliary equipment

C23  Air conditioning, heating, and ventilation equipment

Unique codes were assigned to individual sub-facilities, and performance evaluation
results were collected according to the codes. The codes were largely classified into
route, facility, and evaluation information, as shown in Figure 2. The items that were
not applicable in the code system were processed by entering “0.” For example, the code
1117012F7201002 means city A (1), line 1 (1), station AA (17), mainline (0), between stations
(1), main upward line (2), disposable ticket machine (F7201), and second facility (002).

Route Facility Evaluation

Code Name City Line Station

Digit Number 1

Branch

line Section Track FBS Order age Score

2 3 4 5 6 7 8 9 10 11 12 13 14 15

Code Number | 1 | |

Description City A, line 1, station A A, main line,

1||1|7||0||1||2||F|7|2|0|‘1||0|0|2||13|l2.89|

Elapsed year 13,
evaluation score 2.89

Communication facility, automatic station
work equipment, ticket machine, disposable

between stations, main upward line ticket machine, second facility

Figure 2. FBS codes used in this study.
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3.2. Performance Change Prediction by FBS (Regression Model)

When performance evaluation of individual sub-facilities is conducted in accordance
with the ‘Guidelines on Regular Inspection and Performance Evaluation of Railway Facili-
ties’, the results can be organized based on the established FBS and its codes [5]. Among
the results, if the statistical analysis is performed by extracting the performance evaluation
result of the sub-facilities to be analyzed and the number of years elapsed at the time of
evaluation, the performance change in the sub-facility based on the its elapsed years can be
predicted (see Figure 3).

Station A A Station ][] Station OO

[1817000F7301355 | [8][4.12] [1811000F7202061 | [6][4.47] [1759000F720%112 |{15|[3.47}

| 1817000F7301356 I- [4.24] [1811000F720%103 I- 3.35)

Statistical .
Estimating Prediction model for F7201

Figure 3. Concept of performance change prediction for Level 4 facilities.

In this study, a simple linear regression model was applied to predict performance
changes of the sub-facilities. The model is the simplest and most basic regression model,
expressing the relationship between one independent variable x and the dependent variable
y in a straight line. Since it is a maximal simplification of true regression based on actual
observation, it may have lower reliability compared to other types of regression models
(such as multiple linear regression and nonlinear regression models). However, simple
linear regression analysis was applied in this study on the basis that the variables to be
analyzed were simple and that it was an effective method of increasing the usability rather
than the reliability of the predictive model in the early stages of data accumulation. Thus,
potential users having no alternative to prediction would utilize this model as a reference for
management. Consequently, it would be essential to devise a plan to increase the reliability
of the performance change prediction model for sub-facilities through follow-up studies.

Meanwhile, since railway facilities comprise a wide variety of sub-facilities, building
a performance change prediction model focusing on each sub-facility may be less useful
despite the relatively large time and effort required. Accordingly, this study aims to
increase the usability of the early accumulation, which lacks cases, by applying a hybrid
approach [24]—that is, approaching the problem from the perspective of the FBS and
considering direct and indirect estimation together. An indirect estimation refers to a semi-
statistical method for estimating a result that does not have sufficient cases by using the
cases of its higher-level classification. In a study by Kim, J. et al. [24], a hybrid approach was
applied to the statistical estimation of the maintenance, repair, and replacement (MR&R)
cycle, and this study aims to utilize this concept to establish a linear regression model for
predicting performance changes in facilities (see Figure 4).
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Figure 4. Concept of indirect estimation (modified from [24]).

The level of indirect estimation can be classified according to the distance from the
item on which the estimation was based [24]. Indirect estimation in the above classification
system can be expressed as ‘Distance 1 Indirect Estimation (D1), and indirect estimation
in the second and third stages of classification systems can be expressed as ‘Distance 2
Indirect Estimation (D2), and ‘Distance 3 Indirect Estimation (D3), respectively. Indirect
estimation is a non-statistical technique and is proposed to increase the practical utilization
of the DB. Therefore, when sufficient cases have been accumulated, they are replaced by
statistically estimated values.

3.3. Mid- to Long-Term Performance Change Prediction Model for Railway Facilities

When a performance change prediction model for a facility is established, it is possible
to predict the performance change based on the elapsed years of the corresponding target
facility by applying it to individual sub-facilities (see Figure 5). Since performance evalua-
tion of facilities consisting of various sub-facilities is usually conducted using a bottom-up
method, the prediction will also follow the same method. Thus, the performance changes
of the target railway facility can be predicted by reflecting the performance evaluation
prediction results of lower-level sub-facilities from the lowest level of the FBS (structure,
orbital facility, and building at Level 3 and train power, signal control, and communication
at Level 4). During this process, it is necessary to reflect the importance by assigning
weights when the importance of the individual FBS differs between sub-facilities. There are
various weighting methodologies, including the analytic hierarchy process (AHP), Delphi,
simple multi-attribute ranking technique, and ranking [25,26]. In this study, AHP was
applied for assigning weights since the decision problem in this study has a hierarchical
and multilevel structure with the goal of decision making on the highest level [25]. The
detailed descriptions of weighting methodologies are excluded from this study.

Application to sub-facilities Prediction of target facility

1817000F7301355 |.

/" q_1817000F7301356 | the year year+1
"0 el Fr201 | [3.35][333] -

- [__1817000F7202061 |

4F7301 | [321][346] -
1817000F7201102 : : :

b

N " 1817000F7201101
\
9

1817000F7201818 |’

Figure 5. Concept of mid- to long-term performance change prediction of individual sub-facilities.
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4. Illustrative Example

To explain the developed model and verify its usability, it was applied to 36,537 sub-
facilities constituting 12 routes of two urban railways in South Korea. Table 2 shows
detailed descriptions of the application cases. However, since the target facility was closely
related to safety, information that could specify the name and location of the facility was
excluded for security reasons. In addition, as the main output of this study is the framework,
the illustrative example focuses on applying the framework instead of verifying linear
regression models of sub-facilities. The regression models in this study were constructed
to help readers understand the framework.

Table 2. Overview of application cases.

Description A B
The number of lines 8 4
Structures, orbital facilities
L ’ 10,286 2715
The number of buildings
sub-facilities Train power, 51.gna.l control, 17,275 6261
communication
Total 27,561 8976
Performance evaluation year 2018, 2020 2018, 2019, 2020
The number of cases for performance evaluation 17,146 22,688
The number of years elapsed of the case, range (year) 2-47 1-37
The evaluation score of the case, range (year) 1.50-5.00 1.55-5.00

Overall facility performance score in 2020 3.30 3.77

The performance of railway facility A was evaluated in 2018 and 2020, and that of
railway facility B in 2018, 2019, and 2020, the results being submitted in accordance with
the FBS code presented above. Subsequently, a three-step process was applied to evaluate
the performance of the target railway facilities. First, safety, durability, and usability were
evaluated on a 5-point scale for sub-facilities; second, the evaluation results of the same
lowest-level FBS were arithmetically averaged; and third, the performance scores of the
upper-level sub-facilities were derived sequentially by considering the weight of each
FBS. In the case application of this study, a prediction model for performance changes
in sub-facilities was constructed using 39,834 performance evaluation cases that could
determine performance evaluation values for each elapsed year.

As described above, a simple linear regression model was applied to predict the
performance change in sub-facilities. This was a decision to expand the applicability of the
prediction model. This was because if a performance change prediction model was devel-
oped using a nonlinear regression model, the elapsed years of the corresponding individual
facilities would be essential when the model was applied to individual facilities, whereas
the performance change prediction model developed with a simple linear regression model
could predict performance changes based only on the results of the last performance evalu-
ation and the slope value of the regression model. Table 3 shows the results of constructing
performance change prediction models for sub-facilities using 39,834 data. In this study,
since the FBS of structures, orbital facilities, and buildings were classified up to Level 3,
prediction models of them were also established for Level 3. In the same vein, prediction
models of train power, signal control, communication were established for Level 4. Their
results are omitted due to page limitations.

The weights for each FBS were derived using the AHP results obtained by the man-
agement of each railway facility. The weight (%) of Level 1 was 0.22 for structures, 0.26 for
orbital facilities, 0.08 for buildings, 0.18 for train power, 0.17 for signal control, and 0.09 for
communication; Table 4 lists the Level 2 and Level 3 weights.
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Table 3. The results of the construction of a performance change prediction model for each FBS of structures, orbital facilities,

and buildings.
Item Code Slope Intercept R-Squared Remark
Type 1 bridge All —0.0592 4.7075 0.7369
Type 1 tunnel A21 —0.0614 5.0362 0.7513
Type 2 retaining wall A3l —0.0655 5.3257 0.7779
Platform safety door A74 —0.0395 4.1538 0.3761
Concrete track B11 —0.0105 4.0625 0.4255
Ballasted track B12 —0.0117 4.0072 0.4910 From B1 (Distance 1)
Runway B13 —0.0117 4.0072 0.4910 From B1 (Distance 1)
Rail B21 —0.0186 4.0866 0.4914
Guide rail B22 —0.0188 4.1145 0.5860 From B2 (Distance 1)
Turnout B31 —0.0469 5.0747 0.3962
L-shaped B32 —0.0165 4.0443 0.6185 From B (Distance 2)
Wooden crosstie B41 —0.0120 3.1886 0.5126
Concrete crosstie B42 —0.0153 3.9930 0.5717
Station building cn —0.0602 4.9056 0.6390
Machinery and auxiliary equipment C12 —0.0559 4.1108 0.4662
Firefighting equipment C13 —0.0347 3.8175 0.6735

Air conditioning, heating, and

I . C14 —0.0336 3.9726 0.5073 from C1 (Distance 1)
ventilation equipment
Elevator facilities C15 —0.0144 3.6834 0.4531
Buildings except the station c21 —0.0619 4.8457 0.7504
Machinery and auxiliary equipment Cc22 —0.0701 4.7087 0.6110
Air conditioning, heating, and 23 —0.0263 3.8092 0.6030

ventilation equipment

Table 4. Weights of structures, orbital facilities, and buildings by each FBS.

Level 1 Level 2 Level 3
Code Weighting (%) Code Weighting (%) Code Weighting (%)
Al 42.39 All 100
A2 36.96 A21 100
A 22 A3 14.13 A31 100
A7 6.52 A74 100
Subtotal 100 - -
B11 30
B12 40
Bl 15 B13 30
Subtotal 100
B21 50
B2 32 B22 50
Subtotal 100
B 26 B31 50
B3 39 B32 50
Subtotal 100
B41 70
B4 14 B42 30
Subtotal 100
Subtotal 100 - -
C11 70
Ci12 10
C13 5
€1 78 Cl4 10
C15 5
C 8 Subtotal 100
C21 Buildings except for the station
2 2 C22 Machinery and auxiliary equipment
23 Air conditioning, heating, and ventilation
equipment

Subtotal 100

Subtotal 100
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The performance changes of railway facilities A and B over the next 10 years (2021-2030)
were predicted using the established performance change prediction model for each sub-
facility. The model was applied based on the results of the 2020 performance evaluation
results of 27,561 individual facilities of railway facility A and 8976 individual facilities
of railway facility B, with the prediction performance of the upper level being calculated
by predicting the performance of the sub-facilities at the lowest level for each FBS and
reflecting their weights.

Based on the results of the case application, it was predicted that the performance score
of railway facility A would decrease by approximately 0.045 annually—that is, from 3.49 in
2020 to 3.26 in 2025 and 3.04 in 2030. Moreover, it was predicted that the performance score
of railway facility B would decrease by approximately 0.036 annually—that is, from 3.77 in
2020 to 3.59 in 2025 and 3.41 in 2030. Figure 6 shows the performance change predictions
of railway facilities A and B over time. In these cases, a performance level of 3.00 was set
as the management objective. Thus, the maintenance managers of facility A would know
that performance improvement is needed for ‘buildings’ and ‘communication’ before 2022
because their scores would be under 3.00 from that year.

4.50
-—
4.00 ——.
~-— —— Y
(o]
5 3.49
» 3.50
(o]
Q ————
s M ement objective ine [ 3.04
2300 -m, ............................ Py~ R fgeyr— --
@ S i
2.50 T
Performance improvement targets
2.00
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year of prediction
«f=Railway facility —#— Structures Orbital facilities Buildings —@— Train power —— Signal control —— Communication
(a)
4.50
4.00
(o]
9]
3 3.50
[}
2
g
5 Management objective line
B 0 T m—
jol
[2
2.50
Performance improvement targets
: notexpected
2.00

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Year of prediction
= Railway facility —— Structures Orbital facilities Buildings —@— Train power —— Signal control —+— Communication

(b)

Figure 6. Mid- to long-term performance change predictions of urban railway facilities. (a) Case A.
(b) Case B.
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5. Contribution and Discussion

In this study, a framework of a model that could predict mid- to long-term performance
changes in railway facilities was established through the analysis of performance evaluation
results. By the model deployment to two urban railway facilities in South Korea, it was
confirmed that the proposed model could contribute to predicting mid- to long-term
performance changes in urban railway facilities. The prediction model based on linear
regression may seem too simple and have a deficient reliability. Thus, potential users
having no alternative to prediction would utilize this model as a reference for management.
However, since the elapsed years and the repair/replacement history of individual sub-
facilities in the case are not having been systematically managed, and where it is difficult
to increase the reliability of the model in the early stages of data accumulation, a simple
linear regression analysis was applied to increase the utilization. Therefore, despite the
contributions of this study, it would be necessary to devise a plan to increase the reliability
of the model through follow-up studies. First, it would be required to establish a system
that could continuously and automatically analyze performance evaluation results. Second,
to find a more suitable regression model, to research the type of regression model, and
remove any outliers.

6. Conclusions

To maintain railway facilities in an appropriate state, systematic management based
on mid- to long-term maintenance plans through future performance prediction must be
carried out. To this end, it is necessary to establish and utilize a model that can predict mid-
to long-term performance changes of target railway facilities by predicting performance
changes of individual facilities. However, because predicting performance changes of
facilities requires large volumes of data, and railway facilities are a collection of numerous
sub-facilities, it can be difficult to predict performance changes of target facilities. To
overcome this limitation, this study presented a framework of a model that could predict
mid- to long-term performance changes of railway facilities through an analysis of continu-
ously accumulated performance evaluation results of sub-facilities. In order to illustrate
the model and test its applicability and usability, it was applied to 36,537 sub-facilities
constituting of 12 routes of two urban railways in South Korea. The results of the illustra-
tive example indicate that the proposed model could make a meaningful contribution to
predicting the mid- to long-term performance of railway facilities.

This study’s contribution is primarily in terms of its methodology for constructing a
model to predict mid- to long-term performance changes, providing the basis for devel-
oping an automation model that can continuously perform predictions of performance
changes in sub-facilities. In practical terms, it can contribute to improving the reliability of
mid- to long-term maintenance plans by using the models developed in this study, helping
railway facility managers who allows trade-off between reliability and usability move
away from subjectively establishing mid- to long-term maintenance plans.

In this study, a framework was developed to propose a model to predict the per-
formance changes of railway facilities by using the performance evaluation results of
sub-facilities based on laws and regulations applied in South Korea, and a mid- to long-
term maintenance prediction methodology was proposed. The proposed model based
on the linear regression may seem too simple and have a deficient reliability. Thus, po-
tential users having no alternative to prediction would utilize this model as a reference
for management.

Despite of the contribution of this study, due to the lack of data accumulated to date,
a performance change prediction model with a sufficiently high R-squared value for sub-
facilities could not be presented in this study. Therefore, for this model to be effectively
used in the future, data needs to be continuously accumulated and analyzed. To this
end, the authors are conducting a follow-up study to increase the reliability of predicting
performance changes in sub-facilities and target facilities by developing a system that can
automatically collect, analyze, and use submitted performance evaluation results.
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